Introduction {#Sec1}
============

Interest in the pervasiveness of maternal effects on offspring fitness has increased in recent decades (e.g., Mousseau et al. [@CR18]). This interest has grown in part because of the increasing number of studies documenting the persistent and often significant repercussions maternal effects can have on offspring. For example, maternal effects often influence offspring size, physiological performance, and survival (Mousseau and Fox [@CR19]), which in turn have important ecological consequences for population demography (e.g., Pontier et al. [@CR24]). These maternal effects occur partly because small perturbations early in ontogeny can permanently alter offspring developmental trajectories (Bernardo [@CR6]). Consequently, a mother's environment can exert epigenetic effects on offspring that may ultimately affect development, behavior, survival, and the ecological interactions of offspring. This is also true when environmental stressors such as contaminants comprise part of a mother's environment, especially when contaminants have developmental or neurological impacts (e.g., Ohlendorf et al. [@CR22]; Fry [@CR10]).

As humans continue to alter and modify habitats globally, contaminants increasingly act as stressors in the environment of many organisms. As with other maternal effects, maternal exposure to contaminants can have strong effects on offspring because of the sensitivity of offspring during early development. For example, contamination of the Sacramento River with polybrominated diphenyl esthers (PBDEs) has led to bioaccumulation in striped bass (*Morone saxatilis*), resulting in abnormal development and retarded growth of offspring (Ostrach et al. [@CR23]). Similarly, the accumulation of mercury (Hg) in both birds and fish has reduced survival and altered behavior in subsequent offspring (Heinz [@CR12]; Alvarez et al. [@CR1]). These studies reveal an important consequence of maternal effects from exposure to environmental stressors, but few researchers have examined whether these maternal effects can affect offspring when combined with other environmental stressors, a scenario more typical of natural environments.

Amphibians serve as a classic vertebrate system for the study of both maternal and environmental contributions to offspring phenotype (e.g., Morin [@CR17]; Wilbur [@CR36]; Resetarits and Wilbur [@CR27]). For example, Semlitsch and Gibbons ([@CR30]) investigated maternal contributions to egg size and found that larger eggs resulted in larger offspring, a trait that persisted 49 days after hatching. Additionally, there has been much work on environmental contributions to offspring phenotype in amphibians, including studies on the effects of larval predators (Relyea [@CR25]), effects of conspecific densities (e.g., Scott [@CR29]), and the effects of environmental contaminants (Boone and James [@CR8]). In contrast, there has been little research on the ways in which maternal contaminant exposure can shape offspring phenotype in amphibians. However, at least one study has demonstrated maternal effects that include reduced hatching success and increased developmental abnormalities in offspring from mothers with elevated strontium and selenium in their tissues (Hopkins et al. [@CR15]). Given that amphibians often forage and breed in contaminated riparian and wetland habitats and can accumulate significant contaminant body burdens (e.g., Hopkins et al. [@CR15]; Unrine et al. [@CR32]; Wu et al. [@CR39]; Bergeron et al. [@CR4]), they can provide useful insights into the ways in which maternal effects of environmental stressors shape offspring phenotypes, particularly when combined with other stressors such as competitors or predators.

Predatory odonates can alter larval phenotypes in amphibians with important consequences for individual fitness (reviewed in Relyea [@CR25]). Additionally, Hg has developmental and neurological toxicity to many vertebrates (Myers et al. [@CR20]), and can consequently affect fitness (Tan et al. [@CR31]). In an earlier study, Bergeron et al. ([@CR5]) demonstrated that female American toads (*Bufo americanus*) that inhabit a Hg-contaminated floodplain accumulate Hg and transfer the contaminant to their eggs. Our goal in this study was to examine the maternal effects of Hg accumulation on offspring in the presence and absence of predatory odonates. We used a factorial experimental design to test the effects of maternal Hg exposure in the presence or absence of odonates. We predicted maternal Hg exposure would have significant effects on the survival and development of larval American toads. We also predicted that effects of maternal Hg exposure would be greater when combined with the threat of predation from odonates. Finally, we predicted that a reduction in offspring survival would increase algae in the experimental mesocosms via reduced grazing pressure, demonstrating a top-down ecological role of anuran larvae and the possible indirect ecological consequences of reduced larval survival caused by maternal effects, odonates, or both.

Materials and methods {#Sec2}
=====================

Field methods {#Sec3}
-------------

On 17 and 18 April 2009, we collected reproductive pairs of American toads that had entered amplexus but had not yet begun ovipositing in breeding pools along the South River floodplain (Waynesboro, VA, USA), both upstream and downstream of a historic Hg contamination source (see Bergeron et al. [@CR4] for additional information). We brought the breeding pairs indoors within 2 h and placed each pair in a shallow bin with dechlorinated tap water and allowed them to oviposit overnight. The next morning, we removed the adult toads from the bins and added additional dechlorinated tap water to the egg masses. We recorded post-oviposition mass of each female at this point. We next removed a small portion of each egg mass (approximately 500 eggs) and froze them for subsequent Hg analysis. We collected \~0.25 mL whole blood from each anesthetized mother via cardiocentesis to nondestructively estimate female total Hg (THg) concentrations following the methods of Bergeron et al. ([@CR4]). We marked each toad by toe-clipping and released all adult toads at their original points of capture within 24 h after they recovered from anesthesia.

Since Hg concentrations in female blood are closely correlated with Hg concentrations in their eggs (Bergeron et al. [@CR5]), we analyzed female blood Hg concentrations before the eggs hatched to confirm the correct placement of eggs into either reference treatments (hatchlings from females with blood Hg concentrations \<250 ng/g, wet weight) or maternally Hg-exposed treatments (hatchlings from females with blood concentrations \>1,000 ng/g, wet weight). See below for details on Hg analytical methods. Offspring used in the reference treatments came from 5 combined clutches and offspring used in the maternally Hg-exposed treatments came from 6 combined clutches (Electronic supplementary material, Fig. S1). Prior to the start of the experiment, we measured the mass of each of 10 larvae chosen haphazardly from each clutch to derive a representative average larval mass from each mother.

Mesocosms and experimental design {#Sec4}
---------------------------------

We established 32 outdoor aquatic mesocosms in 1,500-L polyethylene cattle tanks on the campus of Virginia Polytechnic Institute and Statue University (Virginia Tech) in Blacksburg, VA. On 1 March 2009, we filled each mesocosm with 475 L of well water and 475 L of dechloraminated tap water. Each mesocosm received 1 kg of air-dried deciduous leaf litter (50:50 poplar and oak mix) and 17 g of finely ground Purina Rabbit Chow^®^ (St. Louis, MO, USA). To promote algal and periphyton growth, we spiked each mesocosm initially with 2 L of pond water from Pandapas Pond (Jefferson National Forest, VA) filtered through a 200-μm sieve. We later repeated this procedure using water from Pandapas Pond and again using water from a permanent pond at the aquaculture facility at Virginia Tech. Before beginning the experiment, we also exchanged 20-L portions of water between each mesocosm and its four closest mesocosms on 3 separate occasions to reduce the variability in initial phytoplankton communities. Each mesocosm had a black mesh lid made of 1 × 1 mm window screen that provided shade and prevented unwanted colonization by predators or competitors. Lastly, we monitored conductivity, pH, temperature, and dissolved oxygen weekly at 0730 and 1930 hours (approximate coolest and warmest daily water temperatures, respectively) in eight randomly selected mesocosms that were followed throughout the study.

We used a 2 × 2 factorial design to test the effects of maternal Hg exposure, the presence of predatory odonates, and their interaction on American toad offspring (Electronic supplementary material, Fig. S1). On 28 April 2009, we added 100 tadpoles to each of 32 replicated mesocosms. Each 100-tadpole population of reference larvae was composed of 20 larvae from 5 reference clutches (Electronic supplementary material, Fig. S1). Each 100-tadpole population of maternally Hg-exposed larvae drew approximately equally from 6 maternally Hg-exposed clutches (5 clutches contributed 17 larvae and a 6th clutch contributed 15 larvae). At the time of their introduction to the mesocosms, tadpoles were \~4 days post-hatching. We arranged the mesocosms in a random block design so that each of the four experimental crosses was represented in each of the eight rows of outdoor mesocosms. On 8 May 2009, we added 5 predatory odonates to each of the 16 mesocosms that were to contain predators. Mesocosms with predators each received a single 1-cm-long *Nehalennia* spp., three 1.5-cm-long *Libellula pulchella* or *Pachydiplax longipennis*, and a single 2.5-cm-long *Tramea lacerata* nymph. These are broad-ranging odonates with distributions that overlap that of American toads and whose nymphs can be found in aquatic habitats in which American toads breed (Needham et al. [@CR21]).

We monitored mesocosms daily and removed tadpoles as soon as they began metamorphosis, identified by forelimb emergence at Gosner stage (GS) 42 (Gosner [@CR11]). All metamorphosing tadpoles were brought indoors to complete metamorphosis. We recorded the presence of injuries, spinal malformations, or dwarf limbs on each individual as it was removed from the mesocosm. Any individuals removed from mesocosms after forelimb emergence were excluded from spinal malformation analyses to avoid confusing tail curves due to tail resorption with true spinal malformations. After bringing animals indoors, we placed each individual in a separate 500-mL cup and \~20 mL of mesocosm water with an unbleached paper towel to allow them to climb out of the water following complete tail resorption. We checked each metamorphosing tadpole every morning at 0700 hours to determine whether it had completed tail resorption (GS 46) or had died overnight. We quantified the proportion of individuals that successfully completed metamorphosis out of the original 100 in each mesocosm. We also determined mass of each tadpole at both GS 42 and GS 46 using an electronic balance. We quantified the duration of the larval period for each tadpole (i.e., time to GS 42) and the number of days it took each tadpole to completely resorb its tail (time between GS 42 and 46). Animals that were removed from mesocosms at GS 43 or later were not included in time calculations. In all cases, the mean response in each mesocosm was treated as the unit of replication. All surviving recently metamorphosed toads were humanely euthanized with buffered tricaine methane sulfonate (MS-222) and then frozen for later use in Hg-tissue analyses.

Just before peak metamorphosis on 1 June 2009, two observers blind to the experimental treatments visually examined each mesocosm and scored the relative thickness of algal growth along its walls. Each mesocosm was scored as having either no algal growth (0), some algal growth (1), or dense algal growth (2). Scores from the two independent observers were averaged and used as a measure of algal growth for each mesocosm.

Sample preparation and Hg analyses {#Sec5}
----------------------------------

Previous research on American toads from this same site demonstrated that approximately 71 and 48% of the THg in blood and eggs, respectively, is in the more toxic form, methylmercury (MeHg; Bergeron et al. [@CR5]). Thus, we limited Hg analyses to THg in this study. We homogenized whole blood from each adult American toad using a vortex mixer and report THg concentrations in blood on a wet weight (ww) basis*.* We lyophilized and homogenized eggs and metamorph carcasses and report THg concentrations on a dry weight (dw) basis. Percent moisture was 95.4 ± 0.2% (mean ± 1SE of the mean hereafter) for eggs and 89.3 ± 0.3% for metamorphs. We analyzed subsamples (\~20 mg) for THg content by combustion-amalgamation-cold vapor atomic absorption spectrophotometry (Direct Mercury Analyzer 80; Milestone, Monroe, CT, USA) according to US Environmental Protection Agency method 7473 (USEPA [@CR33]). For quality assurance, each group of 10--15 samples included a replicate, blank, and standard reference material (SRM; DORM-3 fish protein and DOLT-3 or DOLT-4 dogfish liver; National Research Council of Canada, Ottawa, ON). We calibrated the instrument using solid SRMs (DORM-3 and DOLT-3 or DOLT-4). Method detection limits (MDLs; 3 times standard deviation of procedural blanks) for samples were 0.38 ng, and all samples had THg concentrations that exceeded the limit. Average relative percent differences (RPD) between replicate sample analyses were 5.77 ± 1.35% (*n* = 25). Mean percent recoveries of THg for the SRMs, DORM-3, DOLT-3 and DOLT-4 were 103.82 ± 1.15% (*n* = 43), 99.66 ± 0.51% (*n* = 12), and 97.61 ± 0.36% (*n* = 30), respectively.

Statistical analyses {#Sec6}
--------------------

We used an analysis of variance (ANOVA) to compare masses of reference mothers and Hg-exposed mothers. We used Pearson correlations to determine whether maternal mass was correlated with mean larval mass for each clutch at the start of the experiment. We used an ANOVA to determine whether mean mass of larvae from reference clutches (*n* = 5) and maternally exposed clutches (*n* = 6) differed at the start of the experiment. For data generated in the replicated mesocosms, we calculated means for each dependent variable for each mesocosm. We used a multivariate analysis of variance (MANOVA) to test the effects of predators, maternal Hg exposure, and their interaction on survival to Gosner stage 46, mass at GS 42, mass at GS 46, time to reach GS 42 (larval duration), and time for tail resorption. We used inverse transformations to normalize the data for larval duration and time for tail resorption. Because the mean proportions of tadpoles having tail malformations, injuries, or stunted limbs were skewed and had heterogeneous variances among the treatments, we used non-parametric 2 × 2 factorial Scheirer-Ray-Hare tests to test for effects of predators, maternal Hg exposure, and their interaction on these dependent variables. The Scheirer-Ray-Hare test serves as a non-parametric extension of an analysis of variance for factorial designs by modifying the model error term and *F* statistic, resulting in a highly conservative test compared to traditional analysis of variance (Dytham [@CR9]). Lastly, we used linear regression to examine the relationship between the number of tadpoles surviving to GS 42 and the algae score of each mesocosm. In all cases, data either met the assumptions for parametric statistical analyses or non-parametric alternative tests were used as described above.

Results {#Sec7}
=======

Hg concentrations {#Sec8}
-----------------

As described in the methods, clutches were allotted into either reference or contaminated treatments based on Hg concentrations in the blood of mothers. Reference mothers had blood Hg concentrations that averaged 159.5 ± 18.6 (mean ± 1SE) ng/g ww compared with blood Hg concentrations of 2,250 ± 489.8 ng/g ww for contaminated mothers. Egg Hg concentrations from reference mothers averaged 20.6 ± 1.3 ng/g dw compared with 149.1 ± 17.9 ng/g dw for eggs from contaminated mothers. However, Hg concentrations of all recently metamorphosed toads were low and ranged from 25.4--32.7 ng/g dw, demonstrating that the lack of added dietary Hg and a 17-fold increase in body mass decreased Hg-tissue concentrations to levels comparable to eggs from reference mothers.

Biological endpoints {#Sec9}
--------------------

There was evidence of smaller mass in mothers collected from the Hg-contaminated site (*F*~1,9~ = 4.5, *P* = 0.06). However, mean larval mass for each clutch and maternal mass were not correlated (*r* = 0.03, *P* = 0.94) and there was no significant difference in mean larval mass of each clutch between the two maternal groups at the start of the experiment (*F*~1,9~ = 0.6, *P* = 0.47).

We found significant overall effects in our MANOVA for both maternal Hg exposure and predators, but no significant interaction between these factors (maternal Hg effect: Pillai's Trace = 0.472, *F*~5,24~ = 4.29, *P* \< 0.01; predator effect: Pillai's Trace = 0.439, *F*~5,24~ = 3.76, *P* = 0.01; interaction: Pillai's Trace = 0.122, *F*~5,24~ = 0.67, *P* = 0.65). On average, animals with maternal Hg exposure were approximately 18% smaller at GS 42 (*F*~1,28~ = 5.9, *P* = 0.02; Fig. [1](#Fig1){ref-type="fig"}a) and 16% smaller at GS 46 (*F*~1,28~ = 3.8, *P* = 0.06; Fig. [1](#Fig1){ref-type="fig"}b) than were their counterparts from mothers collected at the reference site. In contrast, maternal Hg exposure had no effect on survival to GS 46 (*F*~1,28~ = 1.2, *P* = 0.28; Fig. [2](#Fig2){ref-type="fig"}), larval duration (*F*~1,28~ = 0.8, *P* = 0.38) or days required for tail resorption (*F*~1,28~ = 2.1, *P* = 0.38). Animals reared in mesocosms with predators were approximately 23% smaller at GS 42 (*F*~1,28~ = 10.6, *P* \< 0.01; Fig. [1](#Fig1){ref-type="fig"}a) and 24% smaller at GS 46 (*F*~1,28~ = 9.7, *P* \< 0.01; Fig. [1](#Fig1){ref-type="fig"}b) than were their counterparts reared without predators. Additionally, there was some evidence that survival of tadpoles reared in the presence of predators was lower than that of tadpoles reared without predators (*F*~1,28~ = 3.7, *P* = 0.06; Fig. [2](#Fig2){ref-type="fig"}). We found no effect of predators on larval duration (*F*~1,28~ = 0.00, *P* = 0.95) or days required for tail resorption (*F*~1,28~ = 0.82, *P* = 0.37).Fig. 1Mass of American toad (*Bufo americanus*) larvae (mean ± SE) from reference or contaminated mothers (maternal mercury exposure) in the absence or presence of 5 predatory odonates at **a** Gosner stage 42, front limb emergence, and **b** Gosner stage 46, completion of metamorphosis (*n* = 8 for each experimental cross in 2 × 2 factorial design)Fig. 2Proportion of American toad larvae (mean ± SE) surviving through metamorphosis from reference or contaminated mothers (maternal mercury exposure) in the absence or presence of 5 predatory odonates (*n* = 8 for each experimental cross in 2 × 2 factorial design)

In general, the prevalences of developmental abnormalities and injuries in tadpoles were influenced by predators, but not by maternal exposure to Hg. For example, we found no effect of maternal Hg exposure or its interaction with predators on the proportion of GS 42 tadpoles having spinal malformations (maternal Hg effect: *F*~1,28~ = 0.3, *P* = 0.86; interaction: *F*~1,28~ = 0.08, *P* = 0.78; Fig. [3](#Fig3){ref-type="fig"}). In contrast, there was some evidence that the proportion of animals reaching metamorphosis with spinal malformations was greater for animals reared without predators than those reared in the presence of predators (*F*~1,28~ = 3.2, *P* = 0.07; Fig. [3](#Fig3){ref-type="fig"}). We found no effect of maternal Hg exposure or its interaction with predators on the proportion of metamorphosing tadpoles that had injuries (maternal Hg effect: *F*~1,28~ = 0.1, *P* = 0.82; interaction: *F*~1,28~ = 0.1, *P* = 0.82; Fig. [4](#Fig4){ref-type="fig"}). In contrast, there was some evidence that predators influenced the prevalence of tadpole injuries (*F*~1,28~ = 2.9, *P* = 0.09; Fig. [4](#Fig4){ref-type="fig"}). Whereas no tadpoles that reached metamorphosis had injuries when they were reared in the absence of predators, 2.6% of tadpoles that reached metamorphosis were injured in tanks with predators. The injuries that we observed were consistent with attacks by odonates and included missing limbs, torn tails, and lacerations on the body. Although visual inspection of the mean proportion of animals having intact but stunted limbs seemed to indicate an increase in this phenomenon as experimental factors were added (Fig. [5](#Fig5){ref-type="fig"}), a Scherer-Ray-Hare test indicated no significant effect of maternal Hg exposure (*F*~1,28~ = 1.1, *P* = 0.29), predators (*F*~1,28~ = 0.4, *P* = 0.53), or their interaction (*F*~1,28~ = 0.09, *P* = 0.76). Lastly, we found a significant negative correlation between the number of tadpoles surviving to GS 42 and the amount of algae remaining on the mesocosms during metamorphosis (*R*^2^ = 0.26, *F*~1,30~ = 10.6, *P* \< 0.01).Fig. 3Proportion of American toad larvae (mean ± SE) surviving to Gosner stage 42 that had spinal malformations in the 2 × 2 factorial design of maternal mercury exposure (reference mothers or contaminated) and the absence or presence of 5 predatory odonates (*n* = 8 for each experimental cross)Fig. 4Proportion of American toad larvae (mean ± SE) surviving to Gosner stage 42 that had an injury of any kind in the 2 × 2 factorial design of maternal mercury exposure (reference mothers or contaminated) and the absence or presence of 5 predatory odonates (*n* = 8 for each experimental cross). No animals had injuries in the absence of predatorsFig. 5Proportion of American toad larvae (mean ± SE) surviving to Gosner stage 42 that had stunted limbs in the 2 × 2 factorial design of maternal mercury exposure (reference mothers or contaminated) and the absence or presence of 5 predatory odonates (*n* = 8 for each experimental cross). No animals from reference mothers had stunted limbs when raised without predators

Discussion {#Sec10}
==========

Predation is an influential force in the structuring of many animal populations, and this is often true for larval amphibians. For example, the mere presence of caged predators can cause reductions in body size (Relyea [@CR25]). However, when predators are allowed to interact freely with larval amphibians, they provide a clear demonstration of their influence on population dynamics via their effects on larval survival. We observed an average 16% reduction in survival of offspring raised with free-roaming predators (Fig. [2](#Fig2){ref-type="fig"}). The impact of predators was further evidenced by a complete absence of injuries in any of the larvae raised without predators, in contrast to the approximate 3% prevalence of injured larvae raised with predators, presumably survivors of failed predation by odonates (Fig. [4](#Fig4){ref-type="fig"}). A recent study similarly demonstrated that not all odonate attacks are lethal and, in some cases, that larvae survive with injuries that can affect post-metamorphic phenotypes (i.e., missing limbs; Ballengée and Sessions [@CR2]). Additionally, the correlation of larval density at metamorphosis with algal density in the experimental mesocosms identifies a possible means of top-down effects of odonates on ecosystem structure via their direct role in larval mortality.

We found some evidence that suggested malformed tadpoles were selectively removed by predators. Specifically, the number of larvae surviving to metamorphosis with spinal malformations was more than five times greater when larvae were reared without predators (Fig. [3](#Fig3){ref-type="fig"}). Previous research has demonstrated that anuran larvae with spinal malformations swim slower than those without spinal malformations (Hopkins et al. [@CR14]). Thus, we propose that the greater prevalence of spinal malformations in predator-free mesocosms implicates differential mortality of malformed amphibians when they are raised with predators. In other words, because swimming performance is poorer in malformed larvae, they presumably are more likely to succumb to attacks from odonates, leaving a lower proportion of malformed larvae in mesocosms containing predators. These results highlight one mechanism by which developmental aberrations might lead to increased mortality risk in amphibians.

We predicted that the interaction of maternal Hg and predators would have the greatest effect on offspring phenotype because amphibian predators can affect larval phenotypes via behaviorally mediated effects and because Hg is known to affect behavior (Heinz [@CR12], [@CR13]). However, we found no significant interactions between the effects of maternal Hg and predators on any of our endpoints. There are several possible reasons why we did not find significant interactions of maternal Hg and predators. First, it is possible that maternal Hg simply had no effect on the outcome of predator--prey interactions. Second, it is possible that the five odonates in each mesocosm were feeding at a maximal rate throughout the study (i.e., they were satiated). Thus, although larvae negatively affected by maternal Hg may have been easier to catch and eat, predators were not necessarily able to handle and consume more of them. A third possibility is that any increase in mortality caused by maternal Hg, albeit not statistically significant, may have combined with gradual removal by odonates to reduce predator--prey contact rates to a threshold below which predation was reduced. Given the large volume and size of the mesocosms, this is not entirely unlikely. Future work in which mesocosms have shallow water or greater predator densities may raise encounter rates and provide a better test of this hypothesis. A final possibility is that the combined effects of predators and maternal Hg may have reduced survival early in the larval period, but deleterious effects were offset by a competitive release that increased survival of remaining larvae throughout the latter stages of their development.

In our study, maternal Hg exposure resulted in smaller offspring. These size reductions were comparable in both direction and magnitude to the reductions observed in response to predatory odonates (Fig. [1](#Fig1){ref-type="fig"}). Reduction in body size due to predators is a widely reported phenomenon and has been demonstrated in earlier studies of American toads (e.g., Van Buskirk [@CR34]; Wilbur and Fauth [@CR37]). In contrast, reduced body size from maternal contamination represents the first evidence for such effects in amphibians. These maternal effects occurred in offspring from mothers with total blood Hg concentrations of 2,250 ng/g ww (\~1,598 ng/g ww MeHg based on known Hg speciation from Bergeron et al. [@CR5]). Using known correlations with whole-body tissues from an earlier study with this species at the South River, these concentrations equate to 655 ng/g THg ww, or \~347 ng/g MeHg ww (Bergeron et al. [@CR5]). These levels exceed the whole-body tissue threshold-effect level of 200 ng/g ww MeHg identified for juvenile and adult fish by Beckvar et al. ([@CR3]) in their review of 10 studies. Additionally, Wiener and Spry ([@CR35]) concluded that sublethal effects to embryonic and larval stages of fish could occur at 1--10% of adult concentrations (\~2--20 ng/g ww MeHg based on Beckvar et al. [@CR3]). For example, Matta et al. ([@CR16]) found reduced reproductive success in offspring of maternally-exposed mummichogs (*Fundulus heteroclitus*) when egg MeHg concentrations ranged from 10--630 ng/g ww. Our adjusted mean wet weight concentration of MeHg in American toad eggs was 3.6 ng/g, a level on the low end of the estimated range for sublethal effects in fish. Also, our adjusted mean wet weight concentration of THg in American toad eggs of 7.5 ng/g was far below the 500--3,600 ng/g ww range in eggs known to cause hatching failure and aberrant behavior in birds (summarized in Wolfe et al. [@CR38]; Scheuhammer et al. [@CR28]).

There are at least two possible explanations for the smaller body size of maternally Hg-exposed larvae. First, their smaller size may stem from the negative effects that Hg has on the endocrine system (reviewed in Tan et al. [@CR31]), such that disruption of the endocrine system from maternal Hg exposure may have led to altered offspring development and thereby reduced growth rates. Alternatively, the smaller size of maternally-exposed larvae may have resulted from changes in offspring behavior due to the neurotoxic effects of Hg. Mercury is a potent neurotoxicant that can affect animal behavior even when embryonic exposure is limited to maternal transfer (e.g., Heinz [@CR13]; Alvarez et al. [@CR1]). In amphibians, altered behavior can result in lower growth rates and smaller larvae (Relyea and Werner [@CR26]). Reduced activity and grazing by tadpoles are behaviors that can be induced by predatory odonates, and which are linked to the production of smaller metamorphs (Relyea [@CR25]). In this study, we found comparable reductions in body size from both odonates and maternal Hg exposure, consistent with a possible behavioral basis for the size reductions in both cases (e.g., reduced feeding activity). Ultimately, small body size at metamorphosis can reduce postmetamorphic survival and size at first reproduction, thereby diminishing lifetime reproductive success in amphibians (Berven and Gill [@CR7]; Scott [@CR29]).

Few studies of maternal effects in vertebrates have tracked offspring over time or through critical life history transitions, especially under varied ecological conditions such as the presence or absence of predators. In this regard, our research is among the first to demonstrate that maternal effects can significantly shape an offspring's phenotype through metamorphosis in a manner predicted to affect lifetime reproductive success, regardless of ecological conditions. Moreover, our work identifies the potential transgenerational effects that Hg accumulation can have in vertebrates via maternal effects on important phenotypic traits in offspring. Although ecological research often focuses on effects of aqueous or dietary exposure to a contaminant, the maternal effects of contamination represent an additional important route for toxicological effects in organisms. Future ecological research could combine studies of maternal and continuous dietary exposure to better understand relative contributions of contaminant exposure to animals under varying ecological conditions, especially since maternal and dietary exposure may frequently occur together.
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